Abstract: This paper investigates the use of a dual wavelength laser source, a frequency shifter, an erbium-doped fiber amplifier, and an optical filter to compose a multiwavelength fiber laser (MWFL) with an ultranarrow wavelength spacing. The frequency shifter can be achieved by modulating an optical carrier and an electrical sinusoidal signal in an optical single-sideband modulation format. The detuning range of the frequency shifting can be controlled by the applied electrical sinusoidal signal, and an MWFL with ultranarrow wavelength spacing can be achieved. Experimental results prove that 144 stable optical carriers can be generated simultaneously with a 10-GHz wavelength spacing, > 15-dB optical signal-to-noise ratio, and < 0.83-dB maximum peak power variation, if a dual wavelength laser source is fed into the MWFL and the frequency of the electrical sinusoidal signal is set to 10 GHz. Results prove that the ability of the proposed scheme practically and efficiently assist the progress of optical systems.
Introduction
The development of the fiber laser has attracted attention in the field of optical network because such a device can simultaneously produce numerous optical carriers and eliminate the need for multiple-wavelength specific light sources, which are required when distributed feedback lasers are used; the device significantly reduces costs in the implementation and operation of optical networks [1] - [4] . The network capacity can be boosted up to ten or a hundred times by adapting a wavelength-division multiplexing technique in an optical network because each logical optical channel constructed by every specific optical carrier can transmit signals simultaneously and independently. Thus, providing a multi-wavelength laser with adjustable ultra-narrower wavelength spacing to dynamically support different traffic loadings for optical networks is indispensable and further progresses the revolution of information technology.
Multi-wavelength fiber laser have been studied extensively using various gain media, such as semiconductor optical amplifiers (SOAs), an erbium-doped fiber amplifier (EDFA), and hybrid gain media [5] - [8] . A simplified SOA-based fiber ring laser with approximately 10 GHz ultranarrow wavelength spacing is reported [9] , but the power variation among the generated optical carriers is large. The unequal optical power level causes some nonlinear effects during transmission, such as cross-phase modulation, and results in a serious power budget issue in optical networks. A Sagnac loop mirror filter [10] is employed as a multichannel filter and incorporated into an SOA-based fiber ring laser to achieve equal optical power for each generated optical carrier and overcome this drawback. However, the optical signal-to-noise ratio (OSNR) of its lasing wavelengths is around 10 dB only. Thus, its application is limited. In contrast, the EDFAbased fiber laser offers unique advantages over SOA-based MWFLs [11] . For example, the EDFA-based fiber laser is packaged easily. The optical gain and saturation power in an EDFA ring are large, and the noise figure of the generated optical carriers is small. However, the stability of generating narrower lasing wavelength intervals in an EDFA-based fiber laser at room temperature is reduced because of the homogeneous gain broadening effect. Thus, the wavelength spacing of the lasing optical carriers in an EDFA-based fiber laser is generally larger than that in SOA-based schemes. Moreover, the cavity losses that correspond to each optical carrier have to be balanced with the cavity gains simultaneously in these schemes [12] , [13] . Thus, the properties of the generated optical carriers are difficult to adjust or control, thereby resulting in increased complexity and excess cost in the schemes.
This paper proposes an MWFL with adjustable ultra-narrow wavelength spacing to generate multiple optical carriers with sufficient stability and OSNR values. The wavelength spacing among each generated optical carries can be adjusted or controlled easily and practically. Experimental results prove that 144 stable optical carriers with 10 GHz ultra-narrow wavelength spacing, > 15 dB OSNR values, and < 0.83 dB maximum peak power variation are generated by simultaneously feeding two optical carriers into the proposed MWFL system. Approximately 90% of the selected two-tone optical carriers are amplified by an EDFA before being injected back into the FP LD. The self-injected mechanism indicates that the maximum self-injected efficiency can be achieved in the feedback loop because PC1 can provide the amplified two-tone optical carriers with one polarization direction [14] . A 2 Â 2 optical coupler (50:50) (C4) is employed to bridge the remaining 10% of the emitted two-tone optical carriers into the self-developed frequency shifter, which is composed of a DP-MZM, an EDFA, and an OF.
Operation Principle and Experimental Setup
The two-tone optical carriers arrive at the frequency shifter, are polarized by a PC (PC2), and are modulated with a 10 GHz RF carrier via a DP-MZM, which include three MZMs, namely, MZ-a, MZ-b, and MZ-c. The MZ-a and MZ-b are embedded in each arm of the main modulator, MZ-c. To achieve frequency shifting function, the DP-MZM is set up to generate an optical single sideband (OSSB) modulation format; this is achievable when the MZ-a and MZ-b are biased at the null point ðVÞ, and MZ-c is biased at V=2 [15] . The 10 GHz RF carrier is simultaneously fed into the MZ-a and MZ-b, and the phase of the RF carrier at the MZ-b is 90°, unlike that at the MZ-a, because of the identical intensities of the MZ-a and MZ-b output first-order sidebands (+1 st sideband and −1 st sideband), but both two −1 st sidebands are pi radians out of phase. Thus, the two −1 st sidebands eliminate each other at the output of the MZ-c when the MZ-c is biased at the quadrature point. Therefore, both the inserted optical carriers are shifted by 10 GHz toward the long wavelength direction at the DP-MZM output port. A feedback loop is composed to simultaneously generate multi-wavelength output at the frequency shifter by setting a C-band EDFA (with 16 dBm saturation output power) to compensate the insertion loss of the DP-MZM and placing an OF (OF3) to filter out the ASE noise generated by the EDFA, which controls the wavelength range of the generated optical carriers and to bridge the EDFA and the input port of the frequency shifter via C4. It can be expected that two more optical carriers can be generated in each feedback loop and multiple stable optical carriers with 10 GHz ultra-narrow wavelength spacing can be generated simultaneously if we leave the frequency shifter to operate for a short period of time.
Experimental Results and Discussion
In this experiment, the FP LD is driven at 21 mA and 25°C. Its output spectrum in a free running scenario is shown in Fig. 2(a) . Two central optical carriers located at 1543.89 and 1549.48 nm are selected by OF1 and OF2 to compose a DWLS from the multi-longitudinal mode laser. Approximately 90% of the DWLS output energy is then amplified and fed back to the FP LD, and the remaining 10% is fed into the frequency shifter. Fig. 2(b) shows that two optical carriers with a side-mode suppression ratio that is larger than 35 dB are generated by the DWLS, and the maximum peak power variation between them is less than 0.34 dB. According to the research outcomes presented in [14] , the wavelength tuning range of the DWLS can stably extend over 20 nm. Furthermore, different FP-LDs with diverse central wavelengths can be assigned to select the tuning range for practical applications.
Both the optical carriers are fed into the frequency shifter and are modulated with a 10 GHz sinusoidal signal via the DP-MZM to generate ultra-narrow wavelength spacing MWFL. Properly adjusting the DC bias voltages of the DP-MZM and setting up the phase of the sinusoidal signal can modulate the two inserted optical carriers [see Fig. 3(a) and (b) ] in an OSSB format, as Fig. 2 . Output spectrum of (a) the free-running FPLD without self-injection and (b) the generated DWLS. shown in Fig. 3(c) and (d) . The intensities of the central carriers and the −1 st sidebands of the shifted optical carriers are much lower than that of the +1 st sidebands. The input lightwaves are successfully shifted 10 GHz toward long wavelength direction. Although the −3
rd sideband still appears, its magnitude is small and can be neglected. Following DP-MZM, the shifted optical carriers are subsequently amplified by an EDFA and fed back into the input port of the frequency shifter. The original two optical carriers, which are emitted from the DWLS and the shifted two optical carriers, are then combined and injected into the frequency shifter again. Two more optical carriers in this loop are regenerated by the frequency shifter. Following with N th round feedback loop, stable 144 carriers with 10 GHz wavelength spacing, covers 11.29 nm from 1543.89 nm to 1555.18 nm are generated, as shown in Fig. 4(a) . In the proposed ultranarrow wavelength spacing MWFL, the number of generated optical carriers is reduced significantly if only one optical carrier is injected into the frequency shifter. The carrier number is limited by the EDFA gain restriction and the polarization state of the feedback optical carriers.
Experimental results show that only the optical carriers located within 6 nm from the first injected optical carrier can preserve similar intensity. Thus, the DWLS output optical carriers are set up at 1543.89 and 1549.48 nm to enlarge the number of the generated optical carriers and to maintain proper flatness performance among each one. The second optical carrier will overlap with the 73 th optical carrier that originated from the first optical carrier. Fig. 4(b) shows a zoomed portion of the optical spectra of the generated 144 optical carriers. This portion shows that the peak power variation among each optical spectrum is less than 0.83 dB, and the OSNR values are larger than 15 dB. The MWFL output spectra are observed by an optical spectrum analyzer (OSA) with 0.01 nm resolution every 1 min to evaluate the stability of the proposal. Fig. 5 shows that the optical spectra of the proposed MWFL output lightwave measured for 10 minutes. As shown in the figure, the output power is stable. According to these experimental results, the proposed ultra-narrow wavelength spacing MWFL can be expected to generate more optical carriers when a triple-wavelength laser source or a multi-wavelength laser source is employed as the seed light source, and the wavelength spacing can be flexibly adjusted by modifying the frequency of the modulated sinusoidal signal. These characteristics make this proposal suitable to construct dense wavelength division multiplexing (DWDM) transport systems [16] , [17] , and to composed microwave photonic bandpass filter for sub-carrier multiplexing based optical fiber transport systems [18] .
Conclusion
A multi-wavelength fiber laser with adjustable ultra-narrow wavelength spacing is proposed to dynamically support optical systems. MWFLs have been extensively studied and proposed based on SOAs, EDFA, and hybrid gain media. The SOA-based scheme can be implemented easily. However, the power variation among the generated optical carriers is large, and the OSNR of its lasing wavelengths is small. EDFA-based MWFLs are easy to package. The optical gain and saturation power in an EDFA ring are larger than the SOA-based rings, and the noise figure of the generated multi-wavelength lasers is small. However, the wavelength spacing of the generated optical carriers in the EDFA-based and hybrid gain media-based MWFLs is difficult to adjust or control. Moreover, the stability of generating narrow lasing wavelength intervals is difficult to maintain in room temperature, except when using a complicate scheme or costly device to overcome the drawbacks. In this manuscript, MWFL is proposed and experimentally demonstrated based on a DP-MZM-composed frequency shifter, a DWLS, an EDFA, and an OF to improve the revolution of optical WDMA networks and overcome the drawbacks in both OSAand EDFA-based schemes. Experimental results prove that an electrical sinusoidal signal and two optical carriers that originated from the DWLS can be modulated in OSSB modulation format by carefully adjusting the DC bias voltage of the DP-MZM. A frequency shift is achieved by the process because the wavelengths of the DP-MZM output carriers are shifted toward the long wavelength direction of the inserted optical carriers and the detuning range is equal to the frequency of the applied electrical sinusoidal signal. In the experiment, the 3 dB bandwidth of the DP-MZM is about 20 GHz, and therefore, the detuning range can be dynamically enlarged to 20 GHz for other practical applications. A total of 144 stable optical carriers with 10 GHz (approximately 0.08 nm) wavelength spacing that covers 11.29 nm from 1543.89 nm to 1555.18 nm are generated by amplifying the DP-MZM output optical carriers and feeding them back to the input port of the DP-MZM. The maximum peak power variation among each optical carrier is less than 0.83 dB, and their OSNR values are larger than 15 dB. Good experimental performance of the generated optical carriers proves the practicality and efficiency of this proposal to assist the progress of optical system.
